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ABSTRACT

The report provides the initial description of a new creep-fatigue design method for structural
components in high temperature nuclear service. The new method is based on an integrated elas-
tic-perfectly plastic (EPP) analysis and Simplified Model Test (SMT) approach that reduces over
conservatism, improves the treatment of elastic follow up, and simplifies the design procedure,
when compared with the current creep-fatigue design methods in ASME Boiler and Pressure Ves-
sel Code. Developing the design charts for the EPP-SMT design method requires extrapolating
SMT test data as a function of hold time and follow up factor. The report develops the preliminary
design charts for Alloy 617 at temperatures between 800°C and 950°C by combining two extrap-
olation approaches developed in a previous work. The report also presents a comparative analysis
between the EPP-SMT design method and the current ASME creep-fatigue design methods by
evaluating design life of two sample geometries under different loading conditions. Results from
the comparative analysis verify the EPP-SMT design charts but suggest the requirement of addi-
tional test data in the low strain range regime for improving the extrapolation procedure that will
further reduce the over conservatism in the creep-fatigue damage evaluation. The report also con-
cludes that the EPP-SMT design procedure can account for effect of primary load on creep-fatigue
life by using a fixed, bounding value of follow up in constructing the design charts. The conclu-
sions to this report describe the future work required to complete this new design method so it can
be codified through a nuclear Code Case
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1 Introduction

Currently, the ASME Boiler and Pressure Vessel Code includes three creep-fatigue design meth-
ods — design by elastic analysis and design by inelastic analysis in Section 11, Division 5 [1] and
design by elastic-perfectly plastic (EPP) analysis in Code Case N-862 [2] — for high temperature
nuclear structural components. All three methods use the same fundamental approach for as-
sessing the creep-fatigue damage. The approach requires calculating creep and fatigue damages
separately and then comparing those with the damage interaction diagram, also known as D-dia-
gram, to assess the interaction of creep and fatigue. However, this approach is empirical and suffers
from over conservatism. Moreover, the design by elastic and design by elastic-perfectly plastic
analysis methods treat elastic follow up in an approximate, bounding, but very conservative way
and therefore may overestimate the detrimental effect of follow up on creep-fatigue life. Further-
more, the overall procedure for creep-fatigue damage evaluation in current design methods has
been perceived as complicated and difficult to execute. For example, calculating creep damage in
design by elastic analysis method requires constructing the relaxation profile through a compli-
cated series of rules designed to account for plasticity and creep in an otherwise linear elastic
solution.

This report provides the preliminary description of an improved new creep-fatigue design method
that reduces over conservatism, accounts for elastic follow up more accurately, and is easier to
execute. This new design method is based on an approach that combines the EPP analysis ap-
proach and design allowable curves, conceptually, from Simplified Model Test (SMT) specimens
[3]. The EPP analysis approach greatly simplifies the design evaluation procedure in several ways.
It allows a designer to bound all the complicated material effects using a simple constitutive model.
The effective strain range estimated through EPP analysis at any point of the structure approxi-
mately accounts for creep and plasticity [4]. This eliminates the need for stress classification used
in the design by elastic analysis method to account for creep and plasticity. Moreover, the EPP
analysis approach uses the steady cyclic effective strain range from a shakedown analysis. This
means a designer only needs to simulate the component for a handful number of cycle repetitions
instead of simulating for the complete load history. Furthermore, the EPP analysis approach does
not require or store the material state and therefore allows analyzing each individual load cycle
separately and afterwards superimposing results. This is beneficial from a practical design view-
point, as changing the definition of a single load will not require reanalyzing the component for
the entire load history.

The second aspect of the EPP-SMT design method is the use of SMT data to establish the design
allowable curves. The SMT specimen, developed through extensive research and development
work [5][6][71[81[9]1[23][24][25][26], can directly assess the effect of elastic follow up on cyclic
creep-fatigue life. This data avoids the use of D-diagram for creep-fatigue evaluation while accu-
rately accounting for elastic follow up arising from localized defect and stress risers. Elastic follow
up is described in detail in [10][24].

Several elements of the EPP-SMT design method were developed in past years with support from
the Advanced Reactor Technologies (ART) program and are summarized in three Argonne Na-
tional Laboratory (ANL) technical reports [10][11][12]. [10] describes a simple version of the
design method for one type of loading cycle and for uniaxial deformation. [11] extends this basic
methodology to account for multiaxial loading and the effect of combined load cycles. This report
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discusses several methods based on the Huddleston model [13] for calculating the effective strain
range from EPP analysis. Although a final recommendation on the effective strain range measure
must await the development of multiaxial SMT test, until then, the report recommends retaining
the current ASME definition of effective strain range. The report also explored several techniques
for combining load cycles before recommending a new definition of composite cycle for the EPP-
SMT design method, modified from the composite cycle definition used in design by elastic-per-
fectly plastic analysis. [12] develops the definition of the pseudoyield stress for the EPP analysis
to determine the stable cyclic strain range. The report presents several validation examples demon-
strating the effectiveness of the analysis method in representing strain ranges in simple experi-
mental tests and also in more complex, realistic structural components. Another element of the
design method development is it should capture the primary load effect on creep-fatigue damage,
as primary loads cause stresses in the component that creep stress relaxation cannot diminish.
Chapter 4 of this report discusses this aspect of the EPP-SMT design method development.

Finally, the completion of the EPP-SMT design method requires the development of the design
allowable curves. Chapter 2 develops the preliminary design charts for creep-fatigue damage eval-
uation in the EPP-SMT design methodology through examining the approaches developed in [10]
for extrapolating creep-fatigue and SMT test data at high strain ranges with short holds to low
strain ranges with long holds, as typical of structural components in high temperature nuclear ser-
vice. Chapter 3 verifies the approach used in constructing preliminary design charts via compar-
ative analysis between EPP-SMT design method and current ASME design methods for two sam-
ple structures. Chapter 5 provides the initial version of the EPP-SMT design method. Chapter 6
summarizes the conclusions developed here and describes the future work required to complete
the EPP-SMT design method and codify it through an ASME nuclear Code Case.
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2 Development of EPP-SMT design charts

The EPP-SMT design method requires allowable design charts to be used as the acceptance criteria
for creep-fatigue damage evaluation. These design charts are essentially modified fatigue curves
plotting an effective strain range versus the number of cycles to failure. In addition to the effect
of strain range and temperature, as in the conventional fatigue design curves, the EPP-SMT design
curves must account for the effect of hold time and elastic follow up. The SMT test methodology
was developed to experimentally control all four variables. However, like the conventional creep-
fatigue tests, performing the SMT tests at low strain ranges with long holds, typical for structural
components under operating conditions, is not practically possible. Although both types of tests
are conceptually possible, they would take very long time to complete. Moreover, since the EPP-
SMT approach has recently been developed, the current SMT experimental database is limited
compared to the historical creep-fatigue tests.

To develop EPP-SMT curves from limited creep-fatigue and SMT test data two approaches — (a)
direct extrapolation and (b) classical approach — have been proposed in a previous report [10].
Note the change in terminology from the previous work: there we used Option-A and Option-B,
here we use direct extrapolation and classical approach. The terms are used synonymously. Both
approaches use a modified Coffin-shift model for extrapolating the creep-fatigue and SMT test
data with short hold times to long hold times expected in operating components. This chapter
develops EPP-SMT curves using both approaches and makes recommendations on the approach
to use for developing design charts. The recommended approach is verified in Chapter 3 by com-
paring the EPP-SMT design method with other design methods in ASME Code for two structural
components, subjected to different thermal and pressure loading conditions.

2.1 Modified Coffin-shift model

The base Coffin-shift model originates from the frequency-modified fatigue equations proposed
by Coffin [14] for time-dependent fatigue. It is essentially the standard N = é equation for the
fatigue curve multiplied with a factor to account for the hold time:

c 1 \P
N=< (m) 2.1)
where N is the cycles to failure, Ae is the strain range, t;, is the hold time, and C and p are some
constants. C can be determined from fatigue test data, while p can be determined from creep-
fatigue test data. Although not used in the current ASME Code, this approach of modifying fatigue
curves to account for hold time effect was used in previous versions of the Code [10].

Previous work [10] demonstrated that the base Coffin-shift model exaggerates the effect of hold
time on cyclic life when compared with Alloy 617 creep-fatigue experimental data at 950°C. Fun-
damentally, stress in the material relaxes under creep-fatigue loading and for a long enough hold
time will reach to a point where it accumulates negligible creep damage. The saturation of the
creep damage accumulation with the increase of hold time is not reflected in the base Coffin-shift
model as the model postulates zero cyclic life for an infinite hold time. Therefore, to capture the
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saturation of creep damage accumulation with increasing hold time, the base Coffin-shift model
was modified to:

(——)P+D
N=S2 (2.2)

Ae 1+D

where D is a constant and can be determined from creep-fatigue test data. This model was found
to reasonably capture the trend of creep-fatigue experimental data reported in [10] for Alloy 617
at 950°C. Assuming some general inverse power dependence of the cyclic life on elastic follow

up Equation 2.2 can be modified to:
_1c G
- q% Ae 1+D

(2.3)

to include the effect of elastic follow up on the cyclic life. In Equation 2.3, q is the follow up
factor and exponent a can be determined by fitting the SMT test data. Based on the analysis done
in the previous work [10], the value of a was found to be approximately 1.0 which reduces Equa-

tion 2.3 to:
1
_1cGy)tr
- q Ae 1+D

(2.4)

Equation 2.4 can be regarded as the final modified Coffin-shift model for EPP-SMT curves which
captures the combined effect of hold time, elastic follow up, and strain range on the cyclic life.
This model is interesting as the effect of individual parameters can be easily separated. Forg =1
and t; = 0, the model describes the correlation between the strain range and cyclic life in fatigue
tests. When g = 1 and t;, > 0, the model represents material behavior under creep-fatigue load-

ey
1+D

in Equation 2.4 can be regarded as the shift factor to fatigue curves for the combined effect of the

hold and elastic follow up. Since g is fixed in SMT tests, the constants p and D can be considered

as shift parameters which can be determined either from creep-fatigue tests, as stated above, or

from combined data sets of creep-fatigue tests and SMT tests with holds. We used the former

while the SMT test data were used for verification purpose only.

ing. Then, with g > 1 the model captures the effect of elastic follow up. Therefore, i

Figure 2.1 to Figure 2.3 show the modified Coffin-shift model fit to the fatigue and creep-fatigue
experimental data for Alloy 617 at temperatures 800°C, 850°C, and 950°C, respectively. Since
these data are from fatigue and creep-fatigue tests, the value of g is 1.0. Note the model fails to
capture the test results for low strain ranges and therefore only test data in the high strain range
regime were used for these calibrations. Since the model assumes a linear correlation between
logN and logAe, it only captures the low cycle regime of the fatigue data which usually follow a
linear trend in logN — logAe space. Table 2.1 lists the best-fit parameters for all three tempera-
tures.
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Figure 2.1: Curve fit to the experimental fatigue and creep-fatigue data of Alloy 617 at 800°C
using the modified Coffin-shift model (Equation 2.4). The follow up factor, q is 1.0 for fatigue
and creep-fatigue test.
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Figure 2.2: Curve fit to the experimental fatigue and creep-fatigue data of Alloy 617 at 850°C
using the modified Coffin-shift model (Equation 2.4). The follow up factor, g is 1.0 for fatigue
and creep-fatigue test.
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Figure 2.3: Curve fit to the experimental fatigue and creep-fatigue data of Alloy 617 at 950°C
using the modified Coffin-shift model (Equation 2.4). The follow up factor, q is 1.0 for fatigue
and creep-fatigue test.

Temperature (°C) | C p D
800 7.80 | 154.38 | 1.39
850 8.04| 184 |0.16
950 8.18 | 33.9 |0.88

Table 2.1: Parameters for the modified Coffin-shift model for Alloy 617 at different temperatures.

2.2 Extrapolation approaches

As described above, generating a creep-fatigue and SMT test database at low strain ranges and
long holds is practically impossible. Therefore, a method must be developed for extrapolating the
test data at high strain ranges and short hold times to the low strain ranges and long hold times that
are typically experienced by the structural components in high temperature nuclear service. Two
approaches for developing such a method are discussed below.

2.2.1 Direct extrapolation

This approach directly extrapolates the results of creep-fatigue and SMT tests data using the mod-
ified Coffin-shift model. Essentially, it uses the parameters listed in Table 2.1 and Equation 2.4
to determine the cycles to failure at a given strain range, hold time, and follow up factor. A sche-
matic describing this approach along with the classical approach, as discussed below, is shown in
Figure 2.4. The creep-fatigue trendline is first determined using high strain range, short hold test
data which is then extrapolated to realistic long hold times and low strain range regime. For the
direct extrapolation approach of the EPP-SMT curves Equation 2.4 can be rewritten as:
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Figure 2.4: Schematic demonstrating two different approaches for extrapolating high strain range,
short hold time experimental data to low strain range, long hold time.

2.2.2 Classical approach

Since the standard fatigue equation N = é , that is used in the Coffin-shift model, cannot capture

the behavior of the material in low strain range regime, an alternate approach to the direct extrap-
olation of the test data could be shifting the experimental fatigue curve. This approach can be
called classical approach. It is still based on the Coffin-shift approach but shifts the nominal fa-
tigue curve instead of the trendline determined using high strain range data. Therefore, for classi-
cal approach Equation 2.4 can be modified to:

. 1 GEE)P+D
N.S‘Cltel(?%lg#llinal = Nfatigue,nominal {; 1}-l|-—D} (26)
where Neqtigue nominar EPresents the nominal fatigue curve. The shift factor is determined using
the parameters p and D from Table 2.1 and follow up factor q. An illustration of this approach is
sketched in Figure 2.4. As shown in the figure, the nominal fatigue curve is shifted to the realistic
long hold time based on the shift factor predicted by Equation 2.4. In this approach, an accurate
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representation of the high cycle fatigue life is combined with a good accounting of the effect of
hold time and elastic follow up to determine the EPP-SMT life.

2.3 EPP-SMT curves

Two approaches are discussed above for constructing EPP-SMT curves through extrapolating the
test data with short hold times. This section compares the EPP-SMT curves from both approaches
with test data. The creep-fatigue test data are first compared with nominal EPP-SMT curves with
no elastic follow up (i.e. ¢ = 1). SMT test data with different elastic follow ups are then compared
with nominal EPP-SMT curves. Based on these comparisons this section makes recommendations
for developing preliminary EPP-SMT design curves. More test data are required before finalizing
the design curves but Chapter 3 addresses the verification of the preliminary design curves.

2.3.1 Comparison with creep-fatigue tests

Figure 2.5 to Figure 2.19 plot the nominal EPP-SMT curves, based on the two approaches dis-
cussed above, for Alloy 617 at different temperatures and hold times. To compare with the creep-
fatigue test data the effect of elastic follow up was not considered, i.e. ¢ = 1 in Equations 2.5 and
2.6. These figures also plot the nominal fatigue curve along with fatigue test data. The nominal
fatigue curve was constructed from the design fatigue chart provided in Alloy 617 Code Case [15].
Since the Code applies a margin of 2 on the strain range and 20 on cycles to failure in fatigue test
data to construct the design fatigue chart, we back calculated the nominal fatigue curve from the
design fatigue chart using:

N
A‘gnominal(N) = max {2 * A‘Edesign (N), A‘c-‘design (%)} (2-7)

Figure 2.5 to Figure 2.19 indicate the reconstructed nominal fatigue curves closely match with the
fatigue test data. For each temperature and hold time combination, as in each figure, two EPP-
SMT curves are plotted — one based on the direct extrapolation approach and the other based on
the classical approach. Since the classical approach only shifts the fatigue curve, the shape of the
EPP-SMT curve in this approach follows the shape of the fatigue curve. While the EPP-SMT
curves based on the direct extrapolation approach follows a linear relationship — essentially ob-
tained from the high strain range data — between logAe and logN.

The comparison between the EPP-SMT curves and the experimental data indicates that both ap-
proaches predict the experimental results for most of the cases when the strain range is about 1%.
However, with the decrease of strain range the direct extrapolation approach seems to under predict
the cyclic life determined from creep-fatigue test, at least for a few cases. In contrast, the classical
approach appears to over predict the cyclic life with the decrease of strain range. Note the creep-
fatigue experimental data are only available for a strain range equal to 0.3% or higher. Therefore,
a direct comparison could not be made for low strain range regime.

The plots in Figure 2.5 to Figure 2.19 also indicate a significant variation in cyclic life between
two approaches in the low strain range regime. For example, under a creep-fatigue loading of
0.15% strain range and 10 minutes hold at 850°C the direct extrapolation approach predicts cyclic
life of 5.4x10% cycles for Alloy 617 compared to 1.0x10’ cycles predicted by the classical ap-
proach. Direct testing to determine which of the two approaches reasonably predicts the life in
the low strain range regime is practically impossible as the high cycle creep-fatigue test even with
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short hold time will take a very long time to complete. An alternate testing approach could be
performing SMT tests with large elastic follow up factor. According to Equation 2.4 the cyclic
life varies inversely with the follow up factor. Therefore, the test time could be reduced to some
extent by using large value of q. One such SMT test data with a 3 minute hold time is available
for Alloy 617. The SMT test data is compared with the predicted nominal curves in Section 2.3.2.

Even when generating more SMT test data at low strain ranges direct verification of the extrapo-
lation procedure is only possible for short hold times. SMT tests with long holds are still going to
take years to complete and therefore are practically impossible. An alternative, albeit indirect,
approach could be comparing the EPP-SMT design method with the current creep-fatigue design
methods in the ASME Code. This involves creep-fatigue life evaluation of structures — covering
both simple and complex representative reactor components — subjected to different pressure and
thermal loadings with a hold time typical of reactor operating condition. Depending on the ap-
proach used in generating the EPP-SMT design curves, the EPP-SMT design method will estimate
different creep-fatigue lives of the structure. Therefore, by comparing with the creep-fatigue life
estimated by other design methods the extrapolation approach for the EPP-SMT curves can be
verified. The verification of extrapolation approach through structural component analyses is dis-
cussed in Chapter 3.
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Figure 2.5: Nominal EPP-SMT curves compared with creep-fatigue (i.e. g = 1) experimental data

for Alloy 617 at 800°C with 1 min hold.
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Figure 2.6: Nominal EPP-SMT curves compared with creep-fatigue (i.e. g = 1) experimental data

for Alloy 617 at 800°C with 3 min hold.
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Figure 2.7: Nominal EPP-SMT curves compared with creep-fatigue (i.e. ¢ = 1) experimental data

for Alloy 617 at 800°C with 10 min hold.
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Figure 2.8: Nominal EPP-SMT curves compared with creep-fatigue (i.e. g = 1) experimental data

for Alloy 617 at 850°C with 1 min hold.

---- Nominal fatigue

--—- EPP+SMT (Direct extrapolation)
---- EPP+SMT (Classical approach)

x  Fatigue test
o Creep-fatigue test (hold: 3 min)

1072 d@\?(
W
W
LY
™y
()
v W
D
\ “v“
\ Y
—_ \ N\,
g y
o)
£ ?
vl \
< \
A
\
A
\
\
1073 - ]
102 103

10%

10° 10°
Cycles

107

Figure 2.9: Nominal EPP-SMT curves compared with creep-fatigue (i.e. ¢ = 1) experimental data

for Alloy 617 at 850°C with 3 min hold.
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Figure 2.10: Nominal EPP-SMT curves compared with creep-fatigue (i.e. ¢ = 1) experimental

data for Alloy 617 at 850°C with 10 min hold.
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Figure 2.11: Nominal EPP-SMT curves compared with creep-fatigue (i.e. g = 1) experimental
data for Alloy 617 at 850°C with 30 min hold.
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Figure 2.12: Nominal EPP-SMT curves compared with creep-fatigue (i.e. ¢ = 1) experimental

data for Alloy 617 at 850°C with 60 min hold.
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Figure 2.13: Nominal EPP-SMT curves compared with creep-fatigue (i.e. g = 1) experimental

data for Alloy 617 at 850°C with 120 min hold.
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Figure 2.14: Nominal EPP-SMT curves compared with creep-fatigue (i.e. ¢ = 1) experimental

data for Alloy 617 at 850°C with 240 min hold.
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Figure 2.15: Nominal EPP-SMT curves compared with creep-fatigue (i.e. g = 1) experimental

data for Alloy 617 at 950°C with 1 min hold.
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Figure 2.16: Nominal EPP-SMT curves compared with creep-fatigue (i.e. ¢ = 1) experimental

data for Alloy 617 at 950°C with 3 min hold.
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Figure 2.17: Nominal EPP-SMT curves compared with creep-fatigue (i.e. g = 1) experimental

data for Alloy 617 at 950°C with 10 min hold.
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Figure 2.18: Nominal EPP-SMT curves compared with creep-fatigue (i.e. ¢ = 1) experimental

data for Alloy 617 at 950°C with 30 min hold.
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Figure 2.19: Nominal EPP-SMT curves compared with creep-fatigue (i.e. g = 1) experimental

data for Alloy 617 at 950°C with 150 min hold.
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2.3.2 Comparison with SMT tests

Figure 2.20 to Figure 2.27 plot nominal EPP-SMT curves extrapolated for different hold times and
follow ups using both direct extrapolation and classical approaches. The figures compare the EPP-
SMT curves with the test data. Similar to the comparisons for the creep-fatigue test data, as dis-
cussed in Section 2.3.2, both extrapolation approaches predict a cyclic life reasonably close to the
experimental data for strain range equal to 0.2% or higher, given the general uncertainty in SMT

test data. This validates the use of simple 3 rule —as in Equations 2.5 and 2.6 for the direct extrap-

olation and classical approaches, respectively — to predict the effect of elastic follow up on the
cyclic life. Note g = 1 for creep-fatigue tests and g > 1 for SMT tests.

Figure 2.23 compares the predicted nominal EPP-SMT curves with the sole experimental data
(Ae = 0.063%) available in the very low strain range regime. As indicated by the figure, the
classical approach over predicts the cyclic life by several orders of magnitude. In contrast, the
direct extrapolation approach under predicts the test results although the difference between the
predicted and experimental cyclic life is much less compared to that for the classical approach.
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Figure 2.20: Nominal EPP-SMT curves compared with SMT experimental data for Alloy 617 at
950°C with 10 min hold and follow up factor of 2.7.
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Figure 2.21: Nominal EPP-SMT curves compared with SMT experimental data for Alloy 617 at
950°C with 20 min hold and follow up factor of 2.7.
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Figure 2.22: Nominal EPP-SMT curves compared with SMT experimental data for Alloy 617 at
950°C with 0 min hold and follow up factor of 3.5.
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Figure 2.23: Nominal EPP-SMT curves compared with SMT experimental data for Alloy 617 at

950°C with 3 min hold and follow up factor of 3.5.
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Figure 2.24: Nominal EPP-SMT curves compared with SMT experimental data for Alloy 617 at
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950°C with 10 min hold and follow up factor of 3.5.
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Figure 2.25: Nominal EPP-SMT curves compared with SMT experimental data for Alloy 617 at
950°C with 20 min hold and follow up factor of 3.5.
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Figure 2.26: Nominal EPP-SMT curves compared with SMT experimental data for Alloy 617 at
950°C with 30 min hold and follow up factor of 3.5.
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Figure 2.27: Nominal EPP-SMT curves compared with SMT experimental data for Alloy 617 at
950°C with 600 min hold and follow up factor of 3.5.

2.3.3 Preliminary design curves

The discussion above indicates both the extrapolation approaches reasonably capture the experi-
mental results in the high strain range regime. In the low strain range regime, a conclusion could
not be reached mostly due to the lack of data. At the same time generating considerable amount
of data in the low strain range regime is practically impossible due to long test duration. There-
fore, an engineering judgement should be called which should provide a conservative, but not
overly-conservative, estimate of the cyclic life, specifically when compared to current design
methods. Based on the nominal EPP-SMT curves plotted in Figure 2.5 to Figure 2.27 a conserva-
tive approach would be to use the lesser of the cycles to failure predicted by two approaches, which
means use the classical approach for very high range and use the direct extrapolation approach for
the rest. This is reasonable considering the lack of data in the low strain range regime, the direct
extrapolation approach bounding almost all the test data, and the only available data in the low
strain range regime (see Figure 2.23) being comparatively close to the nominal EPP-SMT curve
constructed using the direct extrapolation approach.

The nominal EPP-SMT curves are based on average properties and therefore a design margin must
be applied to the nominal curves for constructing the EPP-SMT design charts for creep-fatigue
design evaluation. The ASME Code applies a factor of 2 on strain range and 20 on cycles for
constructing the fatigue design curves which are used to calculate the fatigue damage fraction
using the strain range determined in the component analysis. The Code also increases the stress
relaxation history by a factor of 0.9 for design by elastic analysis and design by EPP analysis, and
a factor of 0.67 for design by inelastic analysis for calculating creep damage fraction using 95%
confidence prediction lower bound rupture properties. The creep and fatigue damage fractions are
then compared with the creep-fatigue damage envelope in the creep-fatigue interaction diagram
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(also called “D” diagram) for the design check. No design margin is applied to the “D” diagram,
essentially directly constructed from creep-fatigue test data base. For the EPP-SMT design method
we propose to retain the design margin applied to the average fatigue curves and apply no addi-
tional margin for creep damage. Although future work will determine if an additional design factor
is required for the EPP-SMT method to cover the additional margin the ASME Code applies on
the creep damage, the proposed approach of using the minimum of the cyclic lives predicted by
the two extrapolation approaches may well cover this additional design margin. This is verified
in Chapter 3 via a comparative study of the design methods for two sample problems.

Figure 2.28 to Figure 2.30 plot the preliminary EPP-SMT design curves for Alloy 617 at 800°C,
850°C, and 950°C, respectively. The preliminary design curves are plotted for different follow up
factors and hold times using:

NSMT,design = min{Ngﬂ/iIZ"e,ggsign ) Ngl&?ﬁf&fgn (2'8)
Nt siqn In Equation 2.8 is the cycles to failure determined using the direct extrapolation ap-
proach and after applying the design margins:

Direct _ (1 Direct Direct
NSMT,design - {5 * NSMT,nominal (AE)' NSMT,nmninal(2 * Ag)} (2-9)
which can be deduced to:

1
L )P4D
NDirect - _ ili(ﬂth) (2 10)
SMT,design 20 q As 14D )

using Equation 2.5. N&assical in Equation 2.8 is the cycles to failure using the classical approach
which shifts the design fatigue curve using:

NClassical =

SMT nominal — Nfatigue,design {q 14D (2.11)

1 (ﬁ)ﬂw}
Note additional test data in the low strain range regime are required for verifying and improving
the extrapolation procedure used for these preliminary design curves. The hold time for these low
strain range tests can be selected based on the stress relaxation profile, determined from the Code
isochronous stress-strain relationship, under the same strain range to be used in creep-fatigue or
SMT tests. Since the accumulation of creep damage reduces with stress relaxation, at some relaxed
stress the damage accumulation becomes negligible. This information can be used to carefully
choose the hold time that is sufficiently long enough for the stress to relax during the hold but short
enough for the test to complete in reasonable time.
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Figure 2.28: Preliminary EPP-SMT design curves (solid lines) at 800°C for different hold times
and elastic follow ups. Dashed and dash-dotted lines represent curves constructed using direct

extrapolation and classical approach, respectively.
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Figure 2.29: Preliminary EPP-SMT design curves (solid lines) at 850°C for different hold times
and elastic follow ups. Dashed and dash-dotted lines represent curves constructed using direct
extrapolation and classical approach, respectively.
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Figure 2.30: Preliminary EPP-SMT design curves (solid lines) at 950°C for different hold times
and elastic follow ups. Dashed and dash-dotted lines represent curves constructed using direct
extrapolation and classical approach, respectively.
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A comparison among the preliminary design curves, plotted in Figure 2.28 to Figure 2.30, for
different temperatures indicates the estimated life would be shorter at 850°C than that at 950°C for
all the hold times except for the fatigue design curve (i.e. hold time = 0 hour). However, one
would expect shorter cyclic life at higher temperature. To further investigate this, the creep-fatigue
test data at different temperatures with same hold times are plotted in Figure 2.31 to Figure 2.32.
Due to lack of data comparisons were not made for other hold times. The figures indicate shorter
cyclic life at 850°C than 950°C for 0.3% strain range although at 1% strain range the cyclic life is
about the same for both temperatures. This means larger shifts for the EPP-SMT curves at 850°C
to account for the creep damage during the hold and therefore shorter estimated cyclic life com-
pared to that at 950°C. However, confirming this counter intuitive trend requires further investi-
gation such as comparing the stress relaxation profiles and respective creep damage fraction based
on average rupture properties between the two temperatures.

1072+ 0 000 o 800°C (hold: 10 min)
o 850°C (hold: 10 min)
o 950°C (hold: 10 min)
E 6x103 o 0o
£
£
W
<]
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Figure 2.31: Alloy 617 creep-fatigue test data at different temperatures for a hold time equal to 10
minutes.
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Figure 2.32: Alloy 617 creep-fatigue test data at different temperatures for a hold time equal to 30
minutes.
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3 Comparison with ASME methods through component analysis

Since creep-fatigue and SMT tests with long holds in the low strain range regime are not practically
possible due to the very long test duration, an indirect way of validating the preliminary EPP-SMT
design charts would be performing comparative design analysis for structural components under
loading conditions as typical for nuclear reactor structural components. This chapter presents re-
sults from such comparative analysis for a simple structure — a long cylinder — as well as for a
complex structure — a flat head vessel. Two sets of comparisons were made for the creep-fatigue
life estimation of the structures — best estimate life and design life. For the best estimate life cal-
culations average material properties were used, while design life calculations are based on prop-
erties factored with design margin. Creep-fatigue life using EPP-SMT approach was calculated
for both extrapolation approaches discussed above to determine which approach estimates life
comparable to other methods.

3.1 Creep-fatigue life estimation methods

Section 111, Division 5 [1] and associated nuclear Code cases [2] describe three methods for creep-
fatigue design checks — design by elastic analysis, design by elastic perfectly-plastic (EPP)
analysis, and design by inelastic analysis — for components in high temperature nuclear service.
We selected the design by elastic analysis and design by inelastic analysis to compare with EPP-
SMT design method. For best estimate life calculations, we modeled the material with the same
inelastic model used in design by inelastic analysis. The best estimate life from inelastic analysis
was compared with life estimated following the analysis method used in EPP-SMT design but
using nominal EPP-SMT curves instead of design curves. The life estimation process for each
method is briefly discussed below.

3.1.1 Design by elastic analysis

The design by elastic analysis method is provided in Section Ill, Division 5, Subsection HB, Sub-
part B Nonmandatory Appendix-T of ASME Code [1]. This method uses creep-fatigue interaction
diagram for creep-fatigue design check. The total accumulated creep damage, D, and fatigue dam-
age, Dy must satisfy:

D.+ Df <D 3.1)

where D is the total creep-fatigue damage bounded by the damage envelop in the creep-fatigue
interaction diagram. For Alloy 617 the Code uses a bilinear interaction diagram, as illustrated by
Figure 3.1, with an intersection point of (0.1, 0.1). The creep-fatigue damage envelop is deter-
mined from creep-fatigue test data without applying any margin but with bounding all the test
results.

The design process starts with performing an elastic stress analysis of the component for each
service load types. The resulting equivalent strain range computed using the equation provided in
HBB-T-1413 is then adjusted to account for the creep and plasticity. The modified strain range is
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used to determine design allowable number of cycles from design fatigue curve. The total fatigue
damage fraction, Dy is then computed using Miner rule:

Dy =¥, (Nid)J (3.2)

where (n); is the number of repetitions and (N,); is the number of design allowable cycles for
cycle type j.

To calculate creep damage, the Code uses the same modified strain range to determine a stress
relaxation profile from the isochronous stress-strain curves, or from a relaxation analysis, or from
a global relaxation analysis, if it meets the conditions. Then, allowable time durations at various

stress level in the stress relaxation profile are determined from rupture stress-time design charts.
Using the allowable time durations, creep damage is calculated according to life-fraction rule:

D.= %I, (;‘—Z)k (3.3)

where (4t), is the time duration and (T,) is the allowable time duration for the stress occurring
at time interval, k. The rupture stress-time design charts are based Larson-Miller fit to the creep
rupture test data and taking the 95% confidence prediction lower bound values. To apply design
margin on the creep damage the Code, therefore, increases the stress relaxation profile by a factor

of 0—19. Once both fatigue and creep damages are computed, the creep-fatigue interaction diagram
is used to determine whether the design passes the creep-fatigue damage check.
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Figure 3.1: Alloy 617 creep-fatigue interaction diagram used in current creep-fatigue design
methods.
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The thermal and structural properties of Alloy 617 for performing elastic analysis are taken from
Alloy 617 Code Case [15]. The design fatigue charts to calculate fatigue damage fraction and the
rupture stress-time chart to compute creep damage fraction are also from Alloy 617 Code case.

3.1.2 Design by inelastic analysis

Section 111, Division 5, Subsection HB, Subpart B Nonmandatory Appendix-T of ASME Code [1]
also contains the rules for design by inelastic analysis. This method uses the same creep-fatigue
interaction diagram, as shown in Figure 3.1 and expressed by Equation 3.1, used in design by
elastic analysis method. It also calculates fatigue damage using Miner’s rule (Equation 3.2) and
creep damage using time fraction rule (Equation 3.3). However, the material model to be used in
the analysis is different. An inelastic constitutive model capable of capturing the material response
under high temperature cyclic load should be used in the analysis. Moreover, instead of simulating
individual service load cases as in design by elastic analysis method, the design of inelastic method
requires simulating the full service load history of the component or until a steady cyclic response
is achieved in the case of repeating service load.

The simulated stress and strain histories are used to calculate the creep and fatigue damage frac-
tions. The Code uses a rainflow counting and Miner’s rule to determine the fatigue damage frac-
tion from the equivalent strain range, computed from the simulated strain history, and using the
design fatigue curves. For creep damage calculation the Code uses Huddleston’s approach to con-
vert the stress tensor into a scalar measure to account for the effect of triaxiality on creep rupture
life. Then, the scalar stress relaxation profile is converted into creep damage using the Code life-
fraction rule and rupture stress-time design chart. Design by inelastic method applies a larger
margin on the stress relaxation history — stress is divided by 0.67 instead of 0.9 used in design by
elastic analysis.

As discussed above, the inelastic analysis requires an inelastic constitutive model. Assembling a
complete inelastic model capable of accurately capturing details of elevated temperature cyclic
plasticity and creep is a very complicated task. We, therefore, used a simplified description of the
material response which takes advantage of the steady cyclic response of the system. The simpli-
fied inelastic model of Alloy 617, developed at ANL, is based on an additive, history-independent
decomposition of the total strain, € into elastic, time-independent plastic, and time-dependent creep
parts:

E=¢g +é&pte (3.4)

where the elastic strain, &, is determined using Young’s modulus and Poisson’s ratio; the time-
independent plastic strain, &, is based on simple J; plasticity with a Voce hardening model:

Ofiow = 0o + R(1 — e7%%) (3.5)

where oy, is the flow stress and o, R, and § are constants; and the time-dependent creep strain,
&, Is based on a creep model adopted from a form developed by Kocks [21] and Mecking [22]:

Bub3 P —ub3
£, = €, e AkT (;) AKT (3.6)
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where u is the material shear stress, k is the Boltzmann constant, T the absolute temperature, b is
a characteristic Burgers vector, and &, is some reference strain rate. Table 3.1 and Table 3.2 list
the parameters for the inelastic model.

T (°C) | o, (MPa) R (MPa) )

850 137393 2.194 1057.483
900 96.749  0.614 3684.582
950 66.862  0.282 7374.702

Table 3.1: Voce model parameters used for Alloy 617 simple inelastic model.

Parameter | Value

&o 3.60x10°% hrs*

A -10.771

B -1.205

b 2.470x107" mm

k 1.3806x10"%° mJ/K

Table 3.2: Creep model parameters used for Alloy 617 simple inelastic model.

3.1.3 EPP-SMT design

Chapter 5 provides the step-by-step procedures for EPP-SMT design method. This prospective
design method combines the EPP methodology with the SMT test methodology to avoid the use
of D-diagram for creep-fatigue evaluation which requires separate evaluation of creep and fatigue
damage and also is over conservative. The method uses EPP-SMT design charts, constructed from
creep-fatigue and SMT test data, for creep-fatigue damage evaluation using the equivalent strain
range computed through EPP analysis. The EPP analysis is used to bound the structural response
for plasticity and creep using a pseudoyield stress, determined from isochronous stress-strain curve
according to the procedure described in Chapter 5. The method uses a usage fraction rule for
creep-fatigue design check:

Coan; W/
D= YL Ty 3.7

where w is the number of repetition and N is the total number of allowable cycles for load type i
that is included in defining composite cycle type j. N is determined by entering the EPP-SMT
design chart for the maximum metal temperature occurring over j and the hold time equal to the
cycle period at the equivalent strain range determined following the procedure described in Chap-
ter 5. The design passes if total damage, D is less than or equal to 1.
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Note, we considered a single load cycle for the comparative design study presented in this chapter.
Therefore, Equation 3.7 simplifies to D = % We computed two sets of design lives — one using

the EPP-SMT design curves constructed via the direct extrapolation approach and another using
the EPP-SMT design curves constructed via classical approach. The design curves are provided
in Figure 2.28 to Figure 2.30.

3.1.4 Best estimate life

Best estimate life is essentially the life estimated using average material properties and no explicit
design margin. We computed best estimate life from inelastic analysis using the inelastic model
described above and following the creep-fatigue damage evaluation of design by inelastic analysis,
but without applying any design margin.

We also estimated the creep rupture life with the EPP-SMT design method but used EPP-SMT
nominal curves instead of design curves, as this estimated life is compared with the best estimate
life from inelastic analysis.

3.2 Component geometries and loading conditions

We performed the comparative study of design methods on two different structures under different
thermal and pressure loading conditions. The first structure is a long cylinder with 50 mm thick-
ness and 1000 mm diameter. This simple structure does not have any localized stress concentration
and therefore the comparative study on this structure will help examine the extrapolation proce-
dures for EPP-SMT curves without considering the effect of elastic follow up.

The second structure considered for this comparative study is a flat head vessel. Figure 3.2 shows
the geometry of the flat head vessel. The knuckle of the flat head vessel experiences a localized
increase in stress due to sudden change in the cross section. Therefore, this is an interesting prob-
lem for investigating the follow up factor for EPP-SMT design method.

Figure 3.3 shows the schematic of the cyclic thermal and pressure loadings applied to the struc-
tures. We considered a hold time of 1000 hr. We estimated the creep-fatigue life of the structures
for different sets of loading conditions — applied by varying the inner pressure and through thick-
ness temperature gradient, as indicated by P and AT in Figure 3.3, respectively.
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Figure 3.3: Applied thermal and pressure loading profiles.

3.3 Creep-fatigue life comparison

Table 3.3 compares the best-estimate creep-fatigue life of the long cylinder computed from ine-
lastic simulation with the life estimated from EPP-SMT method using the nominal curves. The
comparison is made for different loading conditions. Since the cylinder is a very simple structure
without any stress concentration, we considered no effect of elastic follow up, i.e.
q =1, in the EPP-SMT based life evaluation. The table indicates the extrapolation approach
estimates a lower cyclic life than the classical approach for all the loading cases. The steady cyclic
strain ranges determined from EPP analysis were found to be very small for all the loading cases,
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as indicated by the example results shown in Figure 3.4. These strain ranges fall in the low strain
range regime of EPP-SMT curves where the direct extrapolation approach predicts less number of
cycles to failure than the classical approach, as discussed in Chapter 2.

Interestingly, creep-fatigue life based on the lesser of the two EPP-SMT approaches is comparable
with the best estimate life computed based on inelastic analysis and using the average fatigue and
creep rupture properties, as indicated by Table 3.3, for almost all the different loading cases. The
loading cases for which the estimated lives are not comparable are marked by asterisk in the table.
For these loading cases significant amount of ratcheting was observed in the inelastic simulation,
as indicated by the example results shown in Figure 3.5. Since the cycle-to-cycle ratcheting is
included in the strain range calculation, the inelastic analysis method predicts much shorter life.
This was not the case for EPP-SMT method. However, the two methods should not be compared
for these loading cases, as the life of the structure would be controlled by ratcheting limit.

Table 3.4 compares the EPP-SMT design methods with two of the current ASME design methods
— design by elastic analysis and design by inelastic analysis — for creep-fatigue evaluation of the
long cylinder. The design by elastic analysis method is the most conservative approach among the
ASME design methods and hence provides most conservative estimation of the creep-fatigue life.
In general, design by inelastic analysis method is less conservative compared to design by elastic
analysis method, at least for nuclear service operating condition. However, it still applies a big
margin on the stress relaxation profile — dividing the stress by a factor of 0.67 — which may be an
overly conservative approach in computing creep-damage from rupture stress-time design chart,
particularly with high stress values. However, this was not the case for these sample problems as
Alloy 617 relaxes quickly to low stress values at the temperature considered during hold in the
loading conditions.

Similar to the best estimate life comparison, the EPP-SMT method with the lesser estimation of
the two approaches predicts creep-fatigue life comparable to the inelastic method for all the load-
ing cases except for P = 0.0 MPa, AT = 25°C. Note the loading cases marked with asterisk in
the table should not be considered for comparison because the design would be controlled by
ratcheting check, as discussed above. For P = 0.0 MPa, AT = 25°C loading case the design by
inelastic method estimates a design life of 2470 cycles compared to 472 cycles by the EPP-SMT
method. This could be due to the over conservatism in the direct extrapolation approach for esti-
mating life in the very low strain range regime. This was also observed for the single experimental
data (Ae = 0.063%) in the very low strain range regime, as indicated by Figure 2.23. The steady
cyclic strain range calculated from EPP analysis was about 0.04% for P = 0.0 MPa, AT = 25°C
loading condition.
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Loading Best estimate creep-fatigue life (cycles)
. . . EPP analysis + nominal EPP-SMT curves based
inner Inela§t|c analysis (no margin on
AT P applled on stress relaxqtlon _ _ _
(°C) (MPa) history) + average fatigue direct extrapolation classical approach
and average rupture stress
g=1 g=1
0 994 812 2.6x107
100 0.25 1181 800 2.3 x108
0.5 1057 784 2.0 x106
0 7728 4017 3.2 x108
50 0.25 4093 3871 2.6 x108
0.5* 493 3994 3.1 x108
0 10850 9549 6.4 x10°
25 0.25* 3429 9431 6.1 x10°
0.5* 243 9010 5.1 x10°

Table 3.3: Best estimate creep-fatigue life of the long cylinder compared between inelastic analysis
method and EPP-SMT method for different loading conditions. The shaded cells indicate which
of the two extrapolation approaches for EPP-SMT curves provides conservative estimation of the

creep-fatigue life. The asterisks indicate significant ratcheting observed in inelastic simulation.

Loading Creep-fatigue design life (cycles)
AT inner ASME design methods EPP-SMT design method
°C) P Design by Design by direct extrapolation classical approach
(MPa) | elastic analysis inelastic analysis g=1 g=1
0 0 123 41 5898
100 0.25 0 87 40 5084
0.5 0 24 39 4582
0 0 552 201 5.7x10°
50 0.25 0 185 194 3.6x10°
0.5* 0 12 200 5.3x10°
0 0 2470 478 1.6x108
25 0.25* 0 273 472 1.5x108
0.5* 0 6 451 1.0x108

Table 3.4: Creep-fatigue design life of the long cylinder compared between current ASME design
methods — design by elastic analysis and design by inelastic method — and the prospective EPP-
SMT design method for different loading conditions. The shaded cells indicate which of the two
extrapolation approaches for EPP-SMT curves provides conservative estimation of the creep-
fatigue life. The asterisks indicate significant ratcheting observed in inelastic simulation.
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50°C; and (c) P = 0.5, AT = 100°C following the profiles showed in Figure 3.3.

The best estimate life and design life comparisons for the flat head vessel are provided in Table
3.5and Table 3.6, respectively. Since the flat head vessel has geometric discontinuity, a bounding
elastic follow up factor must be chosen for the EPP-SMT based life estimation. Instead of choos-
ing a bounding value, however, the tables list EPP-SMT based life for different follow up factors.
This allows assessing the EPP-SMT method with other methods for low and high values of the
follow up factors.

The comparison between the two EPP-SMT approaches for the flat head vessel indicates that the
classical approach estimates life shorter than the direct extrapolation approach when AT = 100°C.
For lower thermal load, the direct extrapolation approach estimates shorter creep-fatigue life of
the flat head vessel. This can be explained by comparing the steady cyclic strain range for different
loading conditions. As indicated by Figure 3.6, the steady cyclic strain range computed from EPP
analysis is about 1.4 % at the knuckle for P = 0.0 MPa, AT = 100°C loading. While the steady
cyclic strain range at the knuckle is about 0.11% for P = 0.0 MPa, AT = 25°C loading, as indi-
cated by Figure 3.7. The 1.4% strain range falls into the high strain range regime where the clas-
sical approach bounds both approaches, as indicated by the plots in Figure 2.28 to Figure 2.30.
For all the loading cases with AT = 50°C and AT = 25°C, the strain range is always less than 0.3%
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which falls in the regime where direct extrapolation approach predicts shorter creep-fatigue life
than the classical approach.

Considering the lesser of the two estimated lives from EPP-SMT approaches and comparing that
with other life estimation method indicates that EPP-SMT method with a follow up factor of 5 is
comparable with the inelastic method, at least for AT > 50°C loading cases. This holds for both
the best estimate life comparison, as listed in Table 3.5, and the design life comparison, as listed
in Table 3.6. For all the loading cases with AT = 25°C, the steady cyclic strain range from the
EPP analysis is about 0.11% at the knuckle of the flat head vessel. This strain range again falls in
the very low strain range regime where the use of direct extrapolation approach may be overly
conservative. Similar conclusion was made from the long cylinder example above. A single SMT
test data (Ae = 0.063%) in the similar strain range regime and with follow up factor of 3.5 also
supports the over conservatism of the direct extrapolation approach in the very low strain range
regime. See Figure 2.23 for the comparison between the test data and the EPP-SMT curves.

The following can be deduced from this comparative study:

1. The use of Equation 2.8, i.e. taking the lesser of the cycles to failure predicted by the two
extrapolation approaches, is a reasonable approach for developing the EPP-SMT design
curves. However, the direct extrapolation approach can be further improved by generating
more data in the low strain range regime which in turn will improve the overall design
curves by providing more accurate life predictions in the very low strain range regime.

2. The use of design factors of 2 on the strain range and 20 on cycles to failure for the EPP-
SMT design curves is equivalent to the combined effect of all the design margins applied

in the design by inelastic method including the factor (0—167) applied to the stress.

3. Although additional analyses on different geometries are required before making final
recommendation on the bounding follow up factor, the flat head vessel example shows
EPP-SMT approach estimates life comparable to the design by inelastic analysis when a
follow up factor of 5 is used for geometric discontinuities.

4. EPP-SMT design method is less over conservative compared to the design by elastic

analysis.
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Loading Best estimate creep-fatigue life (cycles)
Inelastic analysis (no margin EPP analysis + nominal EPP-SMT curves based on
AT P applied on stress relaxation direct extrapolation classical approach
(°C) (MPa) history) + Average fatigue q q q q q q
and average rupture stress =1 =3 =5 =1 =3 =5
0 25 275 92 55 150 50 30
100 01 26 283 94 57 156 52 31
0.2 26 260 87 52 138 46 28
0 380 1368 456 274 3879 1293 776
50 0.1 354 1532 511 306 6016 2005 1203
0.2 346 1596 532 319 7085 2362 1417
0 4480 3481 1160 696 @ 1.1x107 3.5x10° 2.1x108
25 0.1 3296 3829 1276 766 @ 2.6x107 8.8x10° 5.3x10°
0.2 2592 4076 1358 815 4.6x107 1.5x10” 9.1x10°

Table 3.5: Best estimate creep-fatigue life of the flat head vessel compared between inelastic
analysis method and EPP-SMT method (with different follow up factors) for different loading
conditions. The shaded cells indicate which of the two extrapolation approaches for EPP-SMT
curves provides conservative estimation of the creep-fatigue life.

Loading Creep-fatigue design life (cycles)
ASME design methods EPP-SMT design method
AT P Design by Design by direct extrapolation classical approach
(°C) (MPa) elastic inelastic q q q q q q
analysis analysis =1 =3 =5 =1 =3 =5
0 0 0 14 5 3 8 2 1
100 0.1 0 1 14 5 3 8 2 1
0.2 0 1 14 5 3 7 2 1
0 0 10 68 23 14 185 62 37
50 0.1 0 10 77 26 15 301 100 66
0.2 0 10 80 27 16 356 118 71
0 0 149 174 58 35 10410 3470 2082
25 0.1 0 109 192 64 38 17742 5914 3548
0.2 0 83 204 68 41 28382 9461 5676

Table 3.6: Creep-fatigue design life of the flat head vessel compared between current ASME
design methods — design by elastic analysis and design by inelastic method — and the prospective
EPP-SMT design method (with different follow up factors) for different loading conditions. The
shaded cells indicate which of the two extrapolation approaches for EPP-SMT curves provides
conservative estimation of the creep-fatigue life.
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Figure 3.6: Through thickness steady cyclic equivalent strain range computed from EPP analysis
of the flat head vessel. Loading condition is P = 0.0, AT = 100°C following the profiles showed

in Figure 3.3.

41



Preliminary description of a new creep-fatigue design method that reduces over conservatism and simplifies the high
temperature design process
September 2020

1
=d
8

Eq. Strain Range (mm/mm)

.
A3
o
g

(a)
0.0012; -952
0.0011 ) +950
- — — [Eq. strain range (mm/mm) at shell L9048
——— Eq. strain range (mm/mm) at knuckle 946
Temperature (°C) '9446
19428
-940 @
938§
-936 &
1934 £
o
- 49327
+930

Oo % 3 4 5 & 7 & & 1o 12131’415101‘71‘51‘920924

Thickness (mm)

(b)

Figure 3.7: Through thickness steady cyclic equivalent strain range computed from EPP analysis
of the flat head vessel. Loading condition is P = 0.0, AT = 25°C following the profiles showed
in Figure 3.3.
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4 Primary Load Effect

4.1 The effect of primary load on creep-fatigue life

The classical creep-fatigue test cycles a uniaxial specimen under strain control through a pre-
scribed strain range. The test includes a hold at constant strain for some amount of time on either
the tensile, compressive, or both ends of the cycle. The test continues until the specimen fails —
either by breaking or until some predefined amount of load drop. As described elsewhere in this
report, increasing the strain range on the specimen decreases its cyclic life [16]. Similarly, in-
creasing the hold time tends to decrease the cyclic life of the sample. However, this effect saturates
— eventually increasing the hold time at fixed strain only negligibly decreases the specimen life
[14].

This report describes a third effect: elastic follow up [17]. In essence this is the difference between
holding the specimen at fixed strain and holding the specimen through a spring with a finite stiff-
ness. The standard creep-fatigue test has a follow up factor of g = 1, which indicates the hold
period occurs through a spring with infinite stiffness, i.e. in pure strain control. Increasing this
follow up factor equates to decreasing the spring stiffness. Increasing the follow up factor de-
creases the cyclic life of the specimen [18]. At least for experimentally-achievable values of the
follow up factor this effect does not saturate, though the effect of increased follow up diminishes
as the follow up factor increases (i.e. increasing the follow up factor from g = 1 to g = 2 results
in a much greater decrease in life than increasing the factor from g = 5to g = 6).

This chapter discusses a fourth effect, independent of strain range and hold time and only tangen-
tially related to the follow up factor: the effect of primary load. Primary loads cause stresses in
the component that creep stress relaxation cannot diminish. These stresses are necessary to main-
tain the specimen in equilibrium with the applied loads. Stresses caused by applied pressure are
the classical example of a primary load. Secondary stresses are not required to maintain equilib-
rium with the applied loads. As such, at least for classical power-law creep materials, these stresses
can relax to zero without affecting the balance of external forces on the component. A thermal
stress is the classical example of a secondary stress. The load in a classical strain-controlled creep-
fatigue experiment is entirely secondary.

In service components are nearly always loaded with both primary and secondary stresses. For
example, a vessel might be loaded by internal pressure plus the thermal stress from a though-wall
temperature gradient. For a component with fixed secondary load, increasing the primary load
tends to decrease the component cyclic life [8]. The EPP-SMT design method must capture this
“primary load effect.”

Figure 4.1 shows the classical two bar model of superimposed primary and secondary load. The
first bar is elastic and undergoes a fixed temperature cycle where the temperature in the bar in-
creases, remains constant for some hold time, and decreases to the initial value. This induces
secondary stress in the second bar. The second bar has an elastic-creep response. Conceptually,
the temperature changes in the first bar occur instantaneously and creep in the second bar only
occurs during the hold period. Both bars share an imposed primary load. In this example we
consider the stress and strain history of the second bar (i.e. it is the test specimen). Figure 4.2 plots
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the cyclic stress/strain from the 1% cycle and the stress relaxation history over 10 cycles of the
second bar for different ratios between P (primary load) and S = E;A; AT, (secondary load).

Figure 4.1: Standard two bar model of combined primary/cyclic secondary load.

\— P/S =0.0 —— P/S=00
— P/5 =105 — P/5 =05
— P/5=1.0 — P/§ =10
7 — P/S=15 7 — P/§=15
= —_— PS5 =20 = P/§=20
Strain Time
(a) (b)

Figure 4.2: (a) Initial cycle strain/stress history of the two bar system for different P/S ratios. (b)
Stress/time history for various P/S ratios.

Figure 4.3 summarizes the simulations in terms of the stress relaxation during the second cycle —
the ratio between the final stress at the end of the hold and the initial stress at the start of the hold.
As the ratio P/S increases the amount of stress relaxation in the test bar decreases. The stress in
the test bar cannot relax below the level required to maintain equilibrium with the applied primary
load. This reduction in the amount of stress relaxation is the classic explanation for the primary
load effect. Higher primary load means the system experiences higher stresses for longer, when
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compared to a specimen with a lower level of primary load. These higher stresses induce more
creep damage, which diminishes the life of the component.
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Figure 4.3: Ratio between the final stress and the initial stress during the relaxation hold in the
second cycle.

There is a second, less-discussed effect of increasing the ratio between the primary and secondary
stress. Figure 4.4 plots the total strain range over the second cycle during the simulations. In-
creasing the primary stress relative to a fixed secondary stress range increases the component strain
range. The additional power-law creep caused by the higher overall stress in the second bar in-
creases the strain range. However, rate independent plasticity could cause a similar effect.
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Figure 4.4: Strain range over the second load cycle as a function of P/S ratio.
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4.2 Including the primary load effect in the EPP-SMT design method

4.2.1 Reference data

Test data combining primary and secondary loading on a sample could be used to validate a method
for capturing the primary load effect in the new EPP-SMT method. The p-SMT (pressurized sim-
plified model test) test, developed at Oak Ridge National Laboratory (ORNL) [7], provides a
means for gathering this type of experimental data.

Figure 4.5 shows the p-SMT specimen. The specimen is a hollow uniaxial test article. Gas pres-
sure in the inner cavity supplies the primary load. An applied displacement on the outer gauge
supplies the secondary load. The method tunes the ratio of the inner and outer section lengths and
areas to provide calibrated elastic follow up on the inner test bar. This type of testing can inde-
pendently control all the factors influencing the specimen cyclic life: temperature, strain range
(secondary load), hold time, follow up, and primary load.
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Figure 4.5: Diagram of the p-SMT specimen.

Table 4.1: p-SMT test database.Table 4.1 reproduces the results of a series of p-SMT tests at
ORNL on Alloy 617 specimens. This particular test series keeps the outer gauge displacements
(4.5 mils), the hold time (10 minutes, tensile), and the temperature (950°C) fixed and only changes
the tube pressure. Table 4.1 demonstrates a moderate primary load effect — the cyclic life of the
specimen decreases as the pressure increases.
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Specimen Pressure (psi) Cycles to failure
INC617-P01 2 220
INC617-P02 200 220
INC617-P04 500 200
INC617-P03 750 150

Table 4.1: p-SMT test database.

In principle, a method for capturing the primary load effect could be tested against this data. How-
ever, that would require the EPP-SMT design curves (strain range versus cycles to failure, ac-
counting for hold time and follow up effects) to be finalized. As described elsewhere in this report,
the curves are not yet complete. As such, the following sections demonstrate the viability of pri-
mary load corrections to the method but do not provide final validation. Once the design curves
finalized this dataset can be used to validate the primary load correction adopted by the final design
procedure.

4.2.2 Bounding the primary load effect with the primary load limits

The EPP-SMT creep-fatigue check is one component of a larger set of design rules. The ASME
design rules include primary load limits — limitations on the amount of primary load that can be
applied to a component. The Section 11, Division 5 rules express these limits as allowable stresses.
The classical ASME approach compares these allowable stresses to a linearized and classified
elastic stress analysis. A recently-developed alternate method applies EPP analysis to avoid stress
classification [19].

These primary stress limits mean that properly-designed Division 5 components will limit, to some
extent, the primary load effect on creep-fatigue life. However, the pressures in the p-SMT test
series (Table 4.1) are all below the Division 5 primary load limit for the test specimen geometry.
This suggests the primary load limits will not prevent the detrimental effect of the primary load on
creep-fatigue life. However, the primary load limits will cap the primary load effect by limiting
the primary load to a value well below the material rupture stress.

4.2.3 Capturing primary load with an increased strain range

As the primary load limits are insufficient to entirely prevent the primary load effect, the new EPP-
SMT design method will need a mechanism for accounting for the decrease in cyclic life caused
by the primary load. The current ASME design by elastic analysis creep-fatigue design approach
limits stress relaxation to capture the primary load effect described in Figure 4.3. The current
ASME time-fraction creep damage model is stress-based and so the reduction in stress relaxation
is the logical way to capture the primary load effect.

However, Figure 4.4 demonstrates that there is a corresponding primary load effect on the strain
range. Increasing the primary load increases the strain range in the test bar. This effect can only
occur in component geometries with elastic follow up — i.e. when the material is not under pure

47



Preliminary description of a new creep-fatigue design method that reduces over conservatism and simplifies the high
temperature design process
September 2020

strain control. Under these conditions creep during the hold period induces strain in the material,
increasing the overall strain range. The degree of elastic follow up controls this additional strain
— larger follow up allows for a larger strain range increase.

Given that the EPP-SMT approach relies on the strain range, rather than the stress, this increased
strain range is the natural way to capture the primary load effect. Table 4.2 demonstrates the EPP
analysis method captures the increase in strain range with increasing primary load. This table lists
results from an EPP analysis of the p-SMT specimens, applying the full EPP analysis method
described in Chapter 5. The analysis correctly predicts an increase in the strain range with increas-
ing primary load.

This increase in strain range may be sufficient to bound the primary load effect. Direct validation
of this technique would require final EPP-SMT design curves for Alloy 617. As described else-
where in the report, finalizing these design curves requires additional test data. However, Figure
4.6 suggests the increased strain range may be sufficient to capture the effect. This figure plots
the EPP strain range versus the experimental cycles to failure for the p-SMT data. The data shows
a threshold effect — very small primary loads increase the strain range but do not decrease the
specimen life. However, at higher pressures the trend is approximately linear on a log-log scale,
indicating a power law relation between the EPP strain range and the cycles to failure, including
the primary load effect.

Specimen Pressure (psi) EPP strain range
INC617-P01 2 1.22%
INC617-P02 200 1.26%
INC617-P04 500 1.31%
INC617-P03 750 1.36%

Table 4.2: p-SMT EPP analysis results.
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Figure 4.6: Log scale plot comparing the EPP strain range to the observed cycles to failure.

Chapter 2 notes that in the low cycle regime the SMT and creep-fatigue data, and therefore the
EPP-SMT design curves, follows a power law of the type Ae = 1/N%. This suggests that the
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primary load effect, as represented by an increased strain range, may capture the observed reduc-
tion in specimen life as both the primary load and base creep-fatigue and SMT data falls along a
power law fit. Final validation of this approach will require the A617 design curves.

This approach would not capture the threshold effect in the p-SMT data — even a small primary
load will lead to an increase in the strain range and a decrease in the allowable cycles. However,
this is a conservative approximation. Future work could aim to capture the threshold either through
additional testing or modeling.

4.2.4 Capturing primary load with a modified follow up factor

The British R5 Code contains a creep-fatigue design evaluation procedure based on strain via the
ductility exhaustion approach to creep damage [20]. This design method then faces the same prob-
lem as the EPP-SMT method — capturing the primary load effect with a strain-based evaluation
procedure. R5 addresses the primary load effect with a primary load modified follow up factor

Z,.1

Figure 4.7 outlines the idea of this “effective” follow up factor, which is calculated by fitting a
standard elastic follow up relaxation profile to the composite stress history defined by the initial
relaxation rate, the primary stress, which limits stress relaxation, and the cycle time.

The EPP-SMT rules include the effects of elastic follow up on creep fatigue life and can be tuned
to different values of the follow up factor g. As such, the EPP-SMT approach could adopt a mod-
ified follow up factor to account for the primary load effect if the EPP strain range method fails to
conservatively bound the p-SMT data using the final design curves.

Cycle hold time
Stress 4

Unmaodified
relaxation curve

Primal"y’ load \

[—

Time

Figure 4.7: Schematic illustrating the primary load modified follow up factor.

1 UK and European authors conventionally use Z for the follow up factor instead of g.
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4.3 Recommendations

The EPP increased strain range approach has several advantages over using the primary load mod-
ified follow up factor:

1. There are no explicit changes to the design method to capture the primary load effect -- the
EPP analysis itself directly captures the effect of the primary load through an increased
strain range.

2. The follow up factor does not need to be a parameter in the final design method, meaning
that EPP-SMT design curves for a fixed, bounding value of follow up can be provided,
rather than a procedure for calculating damage as a function of follow up factor.

3. The increased strain range is an actual, physical effect. The modified follow up factor is
an approximation designed to bound the effect of primary load on stress relaxation.

The initial version of the EPP-SMT design procedure described in Chapter 5 therefore accounts
for the primary load effect using the EPP strain range approach. This method will need to be
validated against the EPP-SMT design data once the Alloy 617 EPP-SMT design curves are final-
ized. The modified follow up factor approach is currently a backup plan — if the EPP strain range
itself cannot bound the experimental primary load effect, the modified follow up factor could be
used to capture the effect of primary load.
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5 EPP-SMT design methodology

Several previous ART sponsored works [10][11][12] developed different elements of the EPP-
SMT design methodology. The EPP-SMT design method for one type of loading cycle and for
uniaxial deformation was proposed in [10]. This basic methodology was extended in [11] to
account for multiaxial loading and the effect of combined load cycles. The definition of the
pseudoyield stress for the EPP analysis to determine the stable cyclic strain range was developed
in [12]. Finally, this current report develops the preliminary design charts for creep-fatigue damage
evaluation in EPP-SMT design methodology in Chapter 2. Chapter 4 shows the EPP strain range
should account for the primary load on creep-fatigue life although a validation against the finalized
EPP-SMT design data is required. Finalizing the EPP-SMT design charts will require some
additional creep-fatigue and SMT test data in the low strain range. The below provides step-by-
step procedure of the initial version of the EPP-SMT design method.

Step 1 — Load definition

Q) Define all applicable loads and load cases per Section 111, Division 5, HBB-3113.2, Service
Loadings.

(i) Make a histogram defining each Service Load as transient pressures, mechanical forces,
and temperatures and/or thermal boundary conditions.

Step 2 — Composition cycle definition

Q) Generate one or more composite cycles by stitching together one or more of individual
Service Loads into a single cycle. The composite cycle must be periodic — it must start and
end at the same pressures, mechanical loads, and temperature and/or thermal boundary
conditions. This may require postulating new loads that are not defined in the Design
Specification. The number of composite cycles and the ordering of each individual Service
Load within a composite cycle should be guided by any information about the expected
ordering of Service Loads in actual operation. In the absence of such information,
distributing transients uniformly throughout the component design life typically produces
a reasonable composite cycle

(i) Assignanumber of cycle repetitions of each individual loading within the composite cycle,

and refer this number to as the loading weight, Wl.’ with i being the cycle type and j being
the composite cycle type. This information is metadata and does not imply that the load
condition is actually repeated the indicated number of times, either within the composite
cycle or in terms of total analysis repetitions of the composite cycle. If any, the fictitious
loads to enforce periodicity in Step 2 — (i) should be assigned a zero weight. In assigning
these weights the total number of repetitions assigned to a region representing a particular
Service Load in all composite cycles must sum to the total repetitions of that Service Load

in the Design Specification, i.e. Z;.l" Wij = W, , where n; is the total number of composite
cycles and W; is the total number of repetitions of cycle i in Design Specification.
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Step 3 — Numerical model

Develop a numerical model of the component, including all relevant geometric characteristics.
The model used for the analysis shall be selected to accurately represent the component geometry,
boundary conditions, and applied loads. The model must also be accurate for small details, such
as small holes, fillets, corner radii, and other stress risers. The local temperature history shall be
determined from a thermal transient analysis based on the thermal boundary conditions determined
from the loading conditions defined in Step 2.

Step 4 — Elastic-perfectly plastic (EPP) analysis

Q) Determine the cycle period, t/ corresponding to each composite cycle defined in Step 2.
This cycle period is the total time of the Service Loads assigned to each individual
composite cycle, accounting only for the individual Service Load within the composite
cycle and not the product of this time and the weight factor. Fictitious loads used to enforce
the periodicity shall be assigned zero time in this calculation.

(i) For each composite cycle determine the temperature dependent pseudoyield stress, Sg (T
from the isochronous stress-strain curves in Code Cases: Nuclear Components N-898 for
a 0.2% offset in strain from the elastic slope at temperature, T and for time t/.

(iii)  Perform a small strain, EPP cyclic analysis for each composite cycle with the temperature

dependent pseudoyield stress S! (T). Other temperature-dependent mechanical properties
required are the Section II Young’s modulus, Poisson’s ratio and coefficient of thermal
expansion coefficient. =~ The assessment temperature shall be taken as the local
instantaneous temperature at every location in the numerical model of the component. The
EPP analysis may neglect hold times and use arbitrary loading rates, as the analysis method
is rate independent

(iv)  If elastic or plastic shakedown occurs in the EPP analysis, that is, cycles with either
eventual elastic behavior everywhere or constant cyclic elastic-plastic behavior without
ratcheting everywhere, proceed to Step 5. If a shakedown does not occur, the structure
does not pass the creep-fatigue damage check for the applied loading condition.

Step 5 — Creep-fatigue damage evaluation

0] Determine all the total, elastic plus plastic, strain components (&y, &y, €5, Vxy, Vyz Vzx) fOr

each composite cycle at each point of interest from the shakedown analysis performed in
(iii) of Step — 4 above.

(i) Calculate an effective strain range for each region in the composite cycle. Calculating an
effective strain range requires two points in time: a reference point and the current time
under consideration. When defining the effective strain range for a particular region, the
designer should find the maximum effective strain range for any reference point in the
cycle, o but only current times, k in the region under consideration, following the substeps
below:
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(iii)

(iv)

(v)

a. Calculate the history of change in strain components by subtracting the value at the
time, o from the corresponding components at each point in time, k of the region under
consideration.

Aty = Ex — Exor A&y =&y — &y, EIC.

b. Calculate the equivalent strain range for each point in time, k of the region under
consideration as:

V2
Agequiv- k = 3 [(Aex,k — Asy,k)z + (Aey‘k — Aez‘k)z + (Aez,k — Aex,k)z
1

E A 2 A 2 A 2 2
+2( ny,k+ yyz,k+ sz,k)

c. Define the effective strain range as the maximum of the above calculated equivalent
strain ranges, Ag,qyiy-, k.

Record the effective strain range, Ae;‘ff_'i., calculated in (ii)-c for each region of each

composite cycle. Determine a corresponding Service Load time, t’l which is the total
time at the particular Service Load conditions, including time during loading transients.

Determine the maximum metal temperature, T{ over that region of the composite cycle.

Using the strain range Aegffqi, time t’l and temperature T{ determine an allowable number

of design repetitions, N{ from the EPP-SMT design charts.
Calculate the use fraction of the component at each material point using:

_ oo W
D= ijlzizllN—}
l

where the sum proceeds over all the regions, i of all the composite cycles, j.

The structure passes the creep-fatigue design check if D <1 for all points in the
component.
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6 Conclusions

6.1 Summary and conclusions

Development of the EPP-SMT design charts requires extrapolating results of creep-fatigue and
SMT tests at high strain range regime and with short hold times to the low strain range regime and
long holds. The report compares two such extrapolation approaches — direct extrapolation and
classical approach — developed in [10]. Direct comparison with test data indicates that both ap-
proaches reasonably capture experimental results in the high strain range regime. The comparison
in the low strain range regime, although based on a single SMT test data, indicates that the classical
approach over predicts the cyclic life by several orders of magnitude. In contrast, the direct extrap-
olation approach under predicts the test result, although the difference is much less compared to
that for the classical approach. Therefore, this work takes a conservative approach in constructing
the preliminary design charts, that is, use the lesser of the cycles to failure predicted by the two
extrapolation approaches. Finalizing the design charts requires additional test data in the low strain
range regime.

The report compares the EPP-SMT method with other design methods in the ASME Code through
evaluating creep-fatigue life of two different structures subjected to different thermal and pressure
loadings. Results from this comparative analysis indicate that the conservative approach of con-
structing design charts is a reasonable approach considering the lack of data in the low strain range
regime. However, those results also indicate that the extrapolation approach can be improved with
additional data which can further reduce the over conservatism in the creep-fatigue damage eval-
uation. Another important finding from this comparative analysis is the use of design factors 2 on
the strain range and 20 on cycles to failure for the EPP-SMT design charts is equivalent to the
combined effect of all the design margins applied in the design by inelastic analysis method.

The report also describes several approaches for including the primary load effect in the EPP-SMT
design method. However, the simple approach of using the EPP increased strain range combined
with a bounding follow up factor for the EPP-SMT design charts offers several advantages over
other approaches, most importantly, it does not require any explicit change in the initial design
method described in this report.

6.2 Future work

Chapter 5 of this report provides the initial version of the EPP-SMT design method. Finalizing the
design method requires:

1. Additional creep-fatigue and/or SMT test data in the low strain regime for finalizing the
extrapolation procedure used in constructing the design charts. The hold time for these
tests should be sufficiently long enough for the stress to relax during the hold but short
enough for the test to complete in reasonable time. The stress relaxation profile from
isochronous stress-strain curves can help decide the hold time for these tests.

2. Finalizing a bounding value of the follow up factor to be used for constructing the design
charts. We currently envision basing the design charts off a representative follow up factor,
likely in the range of g = 2 to g = 5. The exact value could be determined by examining
typical reactor structural components with a full inelastic analysis.
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3. Construct the EPP-SMT design charts at temperatures lower than 800°C but higher than
the negligible creep temperature for Alloy 617. Since no creep-fatigue or SMT test data are
available for these temperatures, an approach could be extrapolating the shift parameters,
p and D in Equation 2.2, from higher temperatures to lower temperatures and using those
parameters to construct the design charts. Then, verify the design charts through a
comparative analysis with other design methods for different sample structures.

Oak Ridge National Laboratory (ORNL) will be generating additional creep-fatigue and SMT test
data for Alloy 617 in the low strain range regime. With these additional test data, the future work
will focus on resolving the issues above to complete the design method and afterwards begin the
ASME Code approval process for a new EPP-SMT Code Case.
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A Alloy 617 test database

The following tables list database for the fatigue and creep-fatigue tests at 800°C, 850°C, and
950°C and SMT tests at 950°C on Alloy 617. The strain ranges are the controlled strain range for
the fatigue and creep-fatigue tests (g = 1) and the EPP strain range for the SMT tests (g > 1).

T(CC)  4e(%) N
800 03 29680
800 1 690
800 1 890
850 0.3 10495
850 03 8904
850 03 10631
850 0.6 1712
850 0.6 1584
850 0.6 1423
850 0.6 2,139
850 0.6 1394
850 0.6 1633
850 0.6 1886
850 1 821
850 1 850
850 1 813
950 03 9641
950 03 5867
950 03 9054
950 03 7133
950 0.3 8333
950 0.4 2378
950 0.4 2326
950 0.6 1722
950 0.6 1390
950 0.6 1480
950 0.6 1342
950 0.6 1295
950 0.6 1432
950 0.6 1266
950 0.6 1085
950 0.6 1498
950 0.6 1254
950 0.6 1233
950 0.6 1229
950 0.6 1506
950 1 963
950 1 972
950 1 916
950 1 897

Table A.1 Fatigue test database for Alloy 617 at 800°C, 850°C, and 950°C.
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T(°C) 4e(%) t,(min) Holdtype N

800 0.3 0.3 T 8160
800 0.3 1 T 8370
800 0.3 1 T 4760
800 0.3 10 T 3960
800 0.3 10 T 3500
800 1 1 T 485
800 1 1 T 440
800 1 3 T 546
800 1 10 T 580
800 1 10 T 390
850 0.3 3 T 1944
850 0.3 3 T 2547
850 0.3 10 T 1475
850 0.3 10 T 1750
850 0.3 10 T 2104
850 0.3 30 T 1200
850 0.3 30 T 1255
850 0.3 60 T 1025
850 0.3 120 T 1200
850 0.6 1 T 1182
850 0.6 1 T 994
850 0.6 1 T 1008
850 0.6 1 T 1280
850 0.6 1 T 1434
850 0.6 1 T 1192
850 0.6 1 T 1565
850 0.6 1 T 1390
850 1 3 T 544
850 1 3 T 660
850 1 10 T 487
850 1 10 T 548
850 1 30 T 371
850 1 30 T 453
850 1 120 T 148
850 1 120 T 311
850 1 240 T 114
850 1 240 T 155
950 0.3 0.033 T 4083
950 0.3 0.033 T 3538
950 0.3 3 T 4486
950 0.3 3 T 3984
950 0.3 3 T 2485
950 0.3 10 T 4096
950 0.3 10 T 4430
950 0.3 10 T 2623
950 0.3 10 T 4361
950 0.3 30 T 4832
950 0.3 30 T 4650
950 0.3 30 T 2653
950 0.3 3 C 4373
950 0.3 3 T&C 1310
950 0.3 12 T&C 1159
950 0.4 1 T 1680
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T(°C) 4e(%) t, (min) Holdtype N
950 0.4 1 T 1768
950 0.6 1 T 1085
950 0.6 1 T 953
950 0.6 1 T 975
950 0.6 1 T 904
950 0.6 1 T 1048
950 0.6 3 T 950
950 0.6 3 T 922
950 0.6 10 T 686
950 0.6 10 T 634
950 0.6 10 T 547
950 0.6 30 T 661
950 0.6 30 T 1110
950 0.6 30 T 525
950 0.6 1 T 826
950 0.6 1 T 986
950 0.6 1 T 1046
950 0.6 1 T 1054
950 0.6 1 T 937
950 1 0.033 T 820
950 1 0.033 T 790
950 1 3 T 376
950 1 3 T 465
950 1 3 T 472
950 1 10 T 308
950 1 10 T 391
950 1 10 T 427
950 1 10 T 430
950 1 30 T 322
950 1 30 T 364
950 1 30 T 334
950 1 150 T 386

Table A.2 Creep-fatigue test database for Alloy 617 at 800°C, 850°C, and 950°C. Hold directions

are given with codes indicating a tensile hold (T), compressive hold (C), or both (T/C).
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Ae (%) q t, (min) Holdtype N
0.206126 2.7 10 T 270
0.206126 2.7 10 T 940
0.206126 2.7 10 T 950
0.368072 2.7 10 T 370
0.368072 2.7 10 T 350
0.368072 2.7 10 T 1000
0.379492 2.7 20 T&C 400
0.063094 35 3 T 10660
0.254669 35 10 T 1000
0.254669 35 10 T 900
0.254669 35 10 T 1100
0.254669 35 10 C 1200
0.272193 35 20 T&C 1050
0.32547 35 0 N 1600
0.480447 35 10 T 460
0.480447 35 10 T 450
0.480447 35 10 T 950
0.480447 35 10 C 600
0.49797 35 20 T&C 600
0.507171 35 30 T 230
0.558454 35 600 T 150

Table A.3 SMT test database for Alloy 617 at 950°C. Hold directions are given in the table with

codes indicating a tensile hold (T), compressive hold (C), both (T/C), or no hold.
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